Background--Hypertensive cardiomyopathy is characterized by myocyte hypertrophy and interstitial fibrosis. The effects of renal denervation (RD) on the heart are poorly understood. New magnetic resonance imaging techniques (extracellular volume fraction) permit the quantitative assessment of myocardial fibrosis. Our aim was to study the effects of RD on myocardial fibrosis.
D
espite the wide availability of pharmacological antihypertensive treatment, it is estimated that 1 of 50 patients with newly diagnosed hypertension will develop resistant hypertension, 1 a condition associated with an increased risk for cardiovascular events and chronic renal disease compared with that of nonresistant hypertensive patients. 2 The therapeutic options for patients with resistant hypertension have recently improved with the introduction of renal denervation (RD), which was demonstrated in the Symplicity HTN-1 and Symplicity HTN-2 trials, 3, 4 as well as in multiple smaller trials and animal studies, [5] [6] [7] to achieve a sustained blood pressure reduction. The results of the Symplicity HTN-3 study 8 have cast some doubt on the use of this procedure, and some methodological issues (eg, recent changes in medication and varying degree of expertise) limit its conclusions. 9, 10 In addition to its blood pressure-lowering effects, RD has been demonstrated to have positive effects on left ventricular (LV) morphology, geometry, and function. 11, 12 In a recent study using cardiac magnetic resonance (CMR), significant decreases in LV mass and improvements in LV ejection fraction and circumferential strain were observed in patients treated with RD, whereas no such changes were seen in controls at 6-month follow-up. 12 Because hypertensive cardiomyopathy is characterized by myocyte hypertrophy and interstitial fibrosis, 13 it is unclear whether the observed decrease in LV mass following RD is due to the reversal of myocyte hypertrophy, a reduction in interstitial fibrosis, or both. Although data from animal studies have shown that sympathectomy is associated with interstitial fibrosis reduction independently of blood pressure decrease, 14 the mechanisms in humans are unknown. CMR is currently the noninvasive modality of choice for fibrosis and scar assessment. 15 CMR had been limited to the evaluation of localized forms of fibrosis, but the recent extracellular volume fraction (ECV) technique permits the assessment and quantification of its interstitial and diffuse forms. 16, 17 In particular, ECV allows the quantification of extracellular matrix expansion and has been proposed as a useful parameter with which to quantify diffuse fibrosis. ECV has been validated in several human studies versus biopsy, demonstrating a good correlation with histological collagen volume fraction. 16, 18, 19 In addition, ECV is reproducible, 19, 20 independent of field strength (unlike native or postcontrast T1 measurements), 21 and, most important, a predictor of mortality and events, 22, 23 with higher mortality at follow-up in patients with higher ECV values.
Our study aimed to investigate the effects of RD on diffuse myocardial fibrosis noninvasively, by quantifying ECV fraction with the use of CMR.
Patients and Methods
Patients with resistant hypertension referred to our institution for RD between January 2012 and October 2013, and those for whom complete clinical and CMR data were available were enrolled. "Resistant hypertension" was defined as an office systolic blood pressure (SBP) above the target (≥140 mm Hg) or mean ambulatory 24-hour SBP >135 mm Hg despite the use of ≥3 antihypertensive agents of different classes, including a diuretic at maximum or highest tolerated doses. 24 A stable antihypertensive medication regimen (>3-month treatment on stable dosing) was necessary before inclusion. Twenty-three patients who met these criteria and underwent renal denervation were included, and they constituted our RD group. One patient with multiple allergies to antihypertensive preparations was also included. Five resistant hypertensive patients with the aforementioned criteria and with contraindications to RD (eg, significant renal artery stenosis, renal arteries with a diameter <4 mm or a length <20 mm, presence of multiple renal arteries 25 ) or unwillingness to undergo this procedure) served as controls. Exclusion criteria included pseudo-resistant hypertension (defined as mean ambulatory 24-hour SBP <130 mm Hg), secondary causes of hypertension, and glomerular filtration rate <45 mL/min per 1.73 m 2 , as well as other general contraindications for the performance of CMR, such as noncompatible biometallic implants, severe claustrophobia, or known allergy to gadolinium contrast. All included patients underwent 2 CMR studies: 1 at baseline (≥1 week before RD in the patients who underwent this procedure) and 1 at 6 months. Clinical assessment, including review of medication compliance and blood pressure determination according to the Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC 7), 26 and blood hematocrit determination were also performed at both time points. In patients who underwent RD, the procedure was performed using the Symplicity Flex system (Medtronic) as described previously, 27 with a mean number of ablation points per artery of 6.3AE1.2 (median 6). A positive response to RD was defined as a reduction of ≥10 mm Hg in SBP at 6-month follow-up. 3, 4 The local institutional review board approved the study, and all patients gave written informed consent.
CMR Protocol
All CMR studies were performed with use of a 1.5-T magnetic resonance scanner (Achieva; Philips Healthcare). A 32-element cardiac synergy coil was used for signal detection.
Patients were placed in the supine position, and images were acquired during breath-holds of %10 to 15 seconds by using vector electrocardiogram gating. To localize the heart in the 3 standard planes (axial, coronal, and sagittal), a single-shot steady-state free precession sequence was used. Short-axis cine images covering the entire LV myocardium and 2-, 3-, and 4-chamber cine images were obtained. All cine images were recorded with a balanced gradient-echo cine sequence (spatial resolution 1.891.898 mm 3 , 50 heart phases, repetition time (TR)/echo time (TE)=3.2/1.6 ms, flip angle 60°). Late gadolinium enhancement images were acquired 10 to 15 minutes after bolus injection of 0.2 mmol/kg gadobenate meglumine (Dotarem; Guerbet) with an inversion-recovery 3-dimensional spoiled gradient echo sequence. Typical parameters were voxel size 1.791.795 mm 3 , TR/TE=3.3/1.6 ms, and flip angle of 15°. Inversion time was assessed individually with use of a Look-Locker sequence using an individually adapted prepulse delay sequence. Short-axis late gadolinium enhancement (LGE) views of the entire LV myocardium and 2-, 3-, and 4-chamber LGE views were obtained. For diffuse fibrosis assessment, we acquired a single breath-hold modified Look-Locker inversion-recovery sequence 28 in a basal and a mid-ventricular short-axis view, before and 10 minutes after contrast administration. An apical slice was not included to avoid partial volume effects. The sequence consisted of 3 inversion pulses with different prepulse delays (300, 210, and 130 ms), after which the images were acquired following a 3-3-5 scheme. Typical imaging parameters were a voxel size of 1.792.1910 mm, TR/TE 2.4/1 ms, flip angle 35°, heart rate-adapted trigger delay, and the use of parallel imaging.
Image Analysis
The images obtained were analyzed using commercially available software (Qmass 7.5.20.0; Medis Medical Image Systems). Endocardial and epicardial borders were drawn in all short-axis slices at end-diastole and end-systole to calculate the global myocardial mass and LV ejection fraction by using the disc summation method. 15 The myocardial mass was indexed by body surface area and height (g/m 1.7 ). 29 To calculate the ECV fraction, a region of interest was drawn in the septum in each slice (basal and medial, precontrast and postcontrast T1 maps), with care taken to exclude the interface between myocardium and bordering structures (eg, blood) to avoid partial volume effects ( Figure 1 ). Regions containing ischemic LGE were excluded. A second region of interest was drawn in the blood pool; this allowed the quantification of the T1 values of the septum and blood pool. ECV was calculated as previously described 16 as:
ECV ¼ ð1ÀhematocritÞÂ ð1=T1 myo postÞÀð1=T1 myo preÞ ð1=T1 blood postÞÀð1=T1 blood preÞ where myo refers to the septal myocardial T1 value, blood to the blood pool T1 value, and pre and post to the measurement before and after contrast administration, respectively. For all T1 values, the averages of the basal and medial values were used.
Finally, we quantified the absolute volume of the extracellular myocardial space in each patient by using the following formula: 
Statistical Analysis
Statistical analysis was performed using SPSS for Windows (version 19; SPSS Inc). All continuous parameters are given as meanAESD (median). Categorical data are summarized as frequencies and percentages. The significance of mean differences between RD patients and controls was evaluated by using the Mann-Whitney test, whereas the differences between baseline and 6-month follow-up values for a particular patient group were tested with use of the Wilcoxon signed rank test for paired data. The Pearson v 2 test was used to compare categorical data. Intraclass correlation coefficient (ICC) was calculated to evaluate intraobserver and interobserver variabilities of myocardial T1 (precontrast and postcontrast), blood T1 (precontrast and postcontrast), and LV mass; an ICC >0.6 was considered "good" and >0.7 was considered "excellent." 31 ICC is given as "ICC (95% CI)." A value of P<0.05 was regarded as statistically significant.
Results
A total of 23 RD patients and 5 resistant hypertensive controls were included. A total of 3 segments had to be excluded: 2 in a patient due to the presence of artifacts and 1 in another patient due to LGE secondary to myocardial infarction. In those patients, the remaining segments were averaged to permit ECV quantification. No patients had to be excluded. Baseline characteristics of the included population are given in Tables 1 and 2 . There were no significant differences between RD patients and controls regarding Although no statistically significant baseline characteristics were noted between RD patients and controls, it should be noted that this lack of statistical significance may be secondary to a lack of power due to small sample size. was observed in the RD group, whereas no such changes were observed in control patients. A nonsignificant trend toward a reduction in the number of antihypertensive drugs was also observed in RD patients (4.78AE1.48 [5] at baseline versus 4.35AE1.67 [4] at follow-up, P=0.083). There were no significant differences in body mass index or parameters of renal function between the groups (Table 3) .
CMR Parameters
Excellent reproducibility was observed in all our measurements, both intraobserver and interobserver (Table 4) . Our results regarding changes in CMR parameters are summarized in Table 5 (Figure 3 ). 
Responders Versus Nonresponders
Fifteen (65.2%) patients in the RD group presented a decrease of at least 10 mm Hg in SBP and, thus, were considered responders to RD, whereas 8 (34.8%) were nonresponders. Our results for responders and nonresponders to RD are summarized in 
Discussion
The results of our study show that RD leads to a decrease in LV mass independently of blood pressure reduction. Additionally, we have demonstrated that while LV mass decreases, ECV remains stable, suggesting a concomitant reducing effect of RD on extracellular matrix expansion. Our results confirm the findings from previous work demonstrating that RD is associated with a decrease in LV mass. Other studies, using different imaging techniques, have shown a consistent reduction in LV mass in patients undergoing RD. 11, 12 A recent study by Mahfoud et al 12 demonstrated a decrease in indexed LV mass, as assessed by using CMR, in patients undergoing RD. Similarly, another study that used echocardiography found a slightly higher degree of LV mass reduction. 11 Interestingly, the LV massdecreasing effect seems to occur independently of blood pressure reduction (as demonstrated by the fact that we observed it in both responders and nonresponders). Both the previous magnetic resonance and echocardiography studies also reported LV mass reduction following RD, independently of RD blood pressure-lowering effects. 11, 12 Because LV hypertrophy is associated with an increased probability of events and mortality at follow-up, 32,33 these findings are important, suggesting that RD may also improve the prognosis of hypertensive patients. This possibility, however, has not been investigated in the present work and deserves further evaluation.
On the other hand, and taking into account that hypertensive cardiomyopathy is characterized by myocyte hypertrophy Table 5 . and interstitial fibrosis, 13 the reduction in total LV mass following RD may be secondary to either myocyte hypertrophy reversal or fibrosis regression. We investigated this issue noninvasively by using ECV fraction, a parameter that permits the quantification of extracellular matrix expansion and correlates with fibrosis as defined by an increase in collagen concentration. 16 While LV mass is reduced, ECV fraction remains stable, reflecting a simultaneous regression of both cell mass and extracellular matrix, and ECV fraction (reflecting extracellular space) would be expected to increase at followup if the only mechanism for LV mass regression were the reversal of myocyte hypertrophy. We analyzed this further by calculating the absolute amount of extracellular space in each patient individually (absolute extracellular volume), which was significantly reduced after RD. Interestingly, we observed a nonsignificant trend toward an increase in both indexed LV mass and ECV fraction in controls, which may reflect a progression of hypertensive cardiomyopathy in this subgroup of patients and which may have not reached statistical significance due to small sample size. This needs to be further analyzed in a larger population.
Although we did not perform histological analysis in our patients, our present findings are in agreement with data arising from prior studies, suggesting an involvement of the sympathetic nervous system in the development of myocardial fibrosis.
14 In a study by Perlini et al, 14 sympathectomy was performed in a rodent hypertension model. 14 The procedure was associated with a reduction in histologically verified myocardial interstitial fibrosis. Interestingly, this effect was independent of blood pressure reduction because sympathectomy did not achieve a significant blood pressure reduction in this model. In the same experiment, doxazosine, but not propranolol, was also associated with fibrosis reversal, suggesting that the profibrotic effect is mediated via aadrenergic receptors. 14 Recent studies have further demonstrated the role of sympathectomy in myocardial fibrosis reduction. 34 Additionally, a recent report focusing exclusively on the effects of RD further support this data: in a study with obese hypertensive rats, RD was associated with reduced LV interstitial fibrosis formation. 35 An important point to take into account when interpreting our results is the follow-up period (6 months), which may be too short to observe a significant reduction in ECV fraction. It has been pointed out that myocite hypertrophy regression occurs faster than fibrosis reduction. 36 It is then possible that a longer follow-up is necessary to demonstrate a substantial, detectable reduction in ECV fraction. However, the results of the previous reports together with the fact that ECV fraction does not increase at follow-up suggest that RD has a decreasing effect on interstitial myocardial fibrosis. When dividing our population between responders and nonresponders to RD, we observed that ECV fraction remained stable although indexed LV mass significantly decreased in both groups, suggesting an effect independent of blood pressure reduction. Human studies have found a lack of correlation between extracellular matrix expansion reversal and blood pressure reduction, by demonstrating that not all antihypertensive medication has the same effect on myocardial fibrosis. Although angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, and mineralocorticoids have been demonstrated in histology-validated studies to reduce interstitial fibrosis, [37] [38] [39] [40] less effect is observed with bblockers. 41 In our study, the effect of RD on LV mass was observed in addition to that of antihypertensive medication, demonstrating its independent effect. This potential beneficial effect of RD on extracellular matrix expansion could have prognostic implications. Prior data have shown that extracellular expansion is associated with a higher probability of events and mortality. 22, 23 What is more important is a recent report 42 that demonstrated that extracellular matrix expansion measured with CMR ECV fraction is a powerful independent marker of prognosis beyond that of indexed LV mass.
Limitations
Our study has several limitations. On the one hand, our sample size is small and, thus, our results need to be confirmed in further work. The small sample size may explain the lack of statistical significance in some baseline characteristics (particularly the presence of coronary artery disease), as well as in changes at follow-up. Furthermore, a higher presence of coronary artery disease in controls may have influenced the change in ECV fraction in this subgroup of patients; these issues should be taken into account when interpreting our results. In addition, we did not perform a histological study of our patients. However, other studies have previously validated ECV against histology, demonstrating a good correlation with histological collagen volume fraction. 16, 18 Further studies should investigate this topic, ideally at a multicentric level, with a larger number of patients and a longer follow-up period. This would be useful not only to confirm our findings but also to possibly prove prognostic value. Conclusions RD is associated with a decrease in LV mass independent of blood pressure reduction. Our results suggest that RD may additionally reduce myocardial interstitial fibrosis in terms of absolute collagen content, because if the observed LV mass decrease was exclusively due to a reversion of myocyte hypertrophy, ECV fraction would be expected to increase. Whether this has a potential effect on prognosis and event reduction should be investigated in future studies.
